Background: The extraforaminal ligaments between the L1-L5 lumbar spinal nerves and the tissues surrounding the intervertebral foramina (IVF) have been well studied. However, little research has been performed to describe the local anatomy of the entrance zones at the L1-L5 level. Detailed anatomic studies of the intraforaminal ligaments (IFLs) in the entrance zones at the L1-L5 levels have not been performed.
www.painphysicianjournal.com rheumatic conditions, or trauma involving or disrupting the IVF structures. The L1-L5 spinal columns were separated from the T11 to T12 discs and the sacroiliac joint with an electric band saw. The independent ethics committee approved the study.
The soft tissues around the spine were carefully removed and the spine columns were opened in the median sagittal plane. The spinal nerve roots within the fascia were identified and the overlying remnants of adipose tissue and fascia were carefully removed. The loose connective tissue in the IVF was scrupulously separated from the lateral IVF to the medial IVF opening under a surgical microscope (Carl Zeiss Inc., Jena, Germany) while preserving any tough ligamentous structures that were encountered in the process. The various IFLs were outlined and identified from the entrance zones of the L1-L5 IVFs. The relationships of the IFLs with the spinal nerve and other surrounding structures were photographically documented.
For all of the IVFs, the morphologies, distributions, origins, insertions, and spatial orientations of the ligamentous structures were recorded. The lengths, widths, diameters, and thicknesses of the ligamentous structures were measured with a caliper (accurate to 0.01 mm) under a surgical microscope.
Ten radiating IFLs in the entrance zones were removed from the IVFs, which were subject to regular paraffin embedding, sectioning, hematoxylin and eosin staining, and Masson trichrome staining before the histological properties were examined under a microscope.
The commercially available SPSS Version 20.0 software (IBM Corporation, Armonk, NY) was used to analyze the recorded data. The measurement data were expressed in the form " max) (min− ± S X ," and the enumeration data were tested with the Wilcoxon signed-rank test and the Kruskal-Wallis H test. The data represent repeated measurements from the same researcher, and the average values of the repeated measurements were used for the statistical analyses. The surveyor was not blinded during the analysis.
Results
In this study, a total of 197 ligaments were identified in the entrance zones of the 80 L1-L5 IVFs, and the occurrence rate of IFLs was 100%. One hundred ninety-one (96.95%) of the ligaments were radiating ligaments that connected the nerve root sleeves that radiated to the transverse processes or the walls of the IVF, and 6 (3.05%) ligaments were TFLs that connected L ee et al (1) divided the intervertebral foramen (IVF) into the entrance zone, middle zone, and exit zone. The entrance zone is the most cranial part of the IVF and is located medial side of the pedicles and superior articular process. The mid zone is located under the pars interarticularis part of the lamina and below the pedicle. The exit zone is the area surrounding the IVF. The nerve roots proceed through these zones from the inside to the outside. Amonoo-Kuofi et al (2) divided the ligaments associated with the L1-L4 IVFs into 3 categories: internal ligaments, intraforaminal ligaments (IFLs), and external ligaments. The internal ligament group includes the oblique inferior transforaminal ligaments (TFLs) in the lower part of IVF. A great deal of research has been undertaken to describe the extraforaminal ligaments (EFLs) at the lumbar level, and the oblique inferior TFLs and superior corporotransverse ligaments are the most frequently reported types of TFL (3) (4) (5) (6) (7) (8) (9) .
Several authors (3, (6) (7) (8) (10) (11) (12) have indicated that TFLs decrease the cross-sectional area of the IVF and increase the risk of lumbar nerve root compression in the foramen. However, the ligaments in the entrance zones of the L1-L5 IVFs have been largely overlooked. Previous researches have not elaborated the morphologies, distributions, or possible clinical significances of the IFLs in the entrance zone of L1-L5 IVFs.
Endoscopic spinal adhesiolysis through the sacral hiatus is a minimally invasive procedure that allows the visualization and accurate localization of lesions in the spinal canal or neural foramen for mechanical release treatment (13) . However, surgeons' lack of knowledge of the structure of the entrance zone in the IVF may probably influence the efficiency of operation. Once handled incorrectly, it may cause failures in wound healing or sinus tract formations (14, 15) . Therefore, detailed knowledge of the IFLs in the entrance zones of L1-L5 IVFs will help improve the efficacy of endoscopic spinal adhesiolysis and reduce the incidence of complications. The purpose of this study was to clarify the anatomy and possible surgical significance of these ligaments.
Methods
The foraminal anatomies of 10 cadavers (6 men and 4 women, with no evidence of previous spinal surgery) with ages at the time of death ranging from 35 to 75 years (mean age, 55 years) were studied. No specimen exhibited any evidence of spinal pathology, such as catagenic disorders, abnormalities, arthritic or 
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Intraforaminal Ligaments in the Entrance Zones of the L1-L5 Levels the structures around the IVFs. The radiating ligaments were identified more often than the TFLs were (Z = -3.933, P = 0.000). The thickest ligament was observed at the L3-L4 IVF. The lengths of the ligaments varied from 0.59 to 11.92 mm. There were 66 (33.50%) ligaments at the superior aspect of the entrance zone of the IVFs, 58 (29.44%) ligaments at the anterior aspect, 43(21.83%) ligaments at the posterior aspect, and 30 (15.23%) ligaments at the inferior aspect.
The superior radiating ligaments originated from the medial margin of the pedicle of the vertebral arch or the posterior longitudinal ligament of the posterosuperior margin of the vertebra and proceeded to the nerve root. The inferior ligaments originated from the anterior of the zygapophysial joint, and the posterior longitudinal ligament of the postero-inferior margin of the vertebra or the postero-superior margin of the disc and proceeded to the nerve root. The anterior radiating ligaments originated from the posterior longitudinal ligament of the posterior margin of the vertebra and proceeded to the nerve root, whereas the posterior ligaments originated from the ligamentum flavum and proceeded to the nerve root. The TFLs originated from the posterior longitudinal ligament of the posterior margin of the intervertebral disc and proceeded to the superior articular process.
The measurements of the ligaments in the entrance zones of the IVFs are presented in Table 1 . 
Vertebral

L1-L2 IVF
A total of 46 (23.35%) ligaments were found in the entrance zone of 20 IVFs. All of these ligaments were radiating ligaments. Of these, relative to the nerve root, 18 (39.13 %) ligaments were located anterior, 16 (34.78 %) were located superior, 7 (15.22 %) were located inferior, and 5 (10.87 %) were located posterior. One internal ligament that passed obliquely downward and backward from the posterolateral surface of the L1-L2 intervertebral disc to the anterior surface of the superior articular process was found ( Figs. 1 and 2 ).
L2-L3 IVF
A total of 64 (32.49%) ligaments were found in the entrance zones of the 20 IVFs, and the distribution of ligaments at this level was the highest (χ2 = 42.819, P = 0.000). Sixty (93.75%) of these were radiating ligaments, and 4 (6.25%) were TFLs. Of these, relative to the nerve root, 20 (31.25%) ligaments were located superior, 16 (25.00%) were located posterior, 16 (25.00%) were located anterior, and 12 (18.75%) were located inferior. One internal ligament that passed obliquely downward and backward from the posterolateral surface of the L2-L3 intervertebral disc to the anterior surface of the superior articular process was found. The TFL originated from the posterior longitudinal ligament of the posterior margin of the intervertebral disc and proceeded to the superior articular process (Figs. 3  and 4 ). 
L3-L4 IVF
A total of 42 (21.32%) ligaments were found in the entrance zones of 20 IVFs. Forty (95.24%) of these were radiating ligaments, and 2 (4.76%) were TFLs. Of these ligaments, 16 (38.10%) were located anterior to the nerve root, 14 (33.33%) were located posterior, 10 (23.81%) were located superior, and 2 (4.76%) were located inferior. The thickest ligament (4.02 mm) was observed in the anterior aspect in the entrance zone of the L3-L4 IVF. We observed some small vasculature coming from the radiculomedullary arterial structures that spanned the IFL to nourish the spinal canal structures through the superior edge of the IVF (Figs. 5 and 6 ).
L4-L5 IVF
A total of 45 (22.84%) ligaments were found in the entrance zones of the 20 IVFs. All of these ligaments were radiating ligaments. Of these ligaments, 20 (44.44%) were located superior to the nerve root, 9 (20.00%) were inferior, 8 (17.78%) were anterior, and 8 (17.78%) were posterior. We observed some IFLs that were accompanied by small vascular structures nourishing spinal nerve root and other structures in the spinal canal; these structures originated from the radiculomedullary artery and progressed through the superior edge in the IVF (Figs. 7 and 8) . Under a light microscope, hematoxylin and eosin staining (Fig. 9A) revealed that the radiating ligaments in the entrance zones were composed of fibrous connective tissue. Masson trichrome staining (Fig. 9B) , which labels collagen fiber with blue and elastic fiber with red, revealed that the radiating ligaments consisted mostly of collagen fibers and a few elastic fibers. (4) studied IFLs within the thoracic and lumbar IVFs and found that these IFLs extend around the transforaminal ligaments, periosteum, and vessels to the nerve root. These ligaments were visible throughout the length of the foramina in each level of each cadaver's spine. But the IFLs in the entrance area had not been described in detail in previous researches. We observed the quantities, morphologies, origins, insertions, and spatial orientations of the IFLs in the entrance zones of the L1-L5 IVFs in detail. In our experiment, we found that most of the IFLs in the entrance zone are radiating ligaments, connecting nerve roots to the periosteum and TFLs of the IVFs. In addition, we also observed that the morphologies of the IFLs could be mainly classified into 2 types: one is the strap type, which is relatively slender ligament strongly stretching the nerve root, and another is the trabs type, which is relatively wide ligament loosely connecting with the nerve root.
Park et al (7) suggested that the degeneration of the intervertebral disc can cause a decreased foraminal cross-sectional area and compression of the anterior branch of the nerve root by the TFL, which manifests as low back pain symptoms. Kraan et al (17) described the EFLs' attachments to human lumbar nerves; at all lumbar levels (Th12-L5), superior and inferior ligaments can be observed. The superior EFLs have an effect on anteroposterior positioning of the spinal nerve. When moved up and down, the EFLs' attachment could prevent nerve roots from contacting the IVF. Inferior EFLs at L2-L5 levels prevent the spinal nerve from being pulled out of the IVFs. In 2010, Kraan et al (5) studied the biomechanical properties of the EFLs, and further confirmed that the lumbar EFLs act to provide traction relief and prevent spinal nerve compression. Moreover, Akdemir et al (4) suggested that the IFL within IVF acts in conjunction with the dura and the periosteum to mechanically protect the nerve roots, and further suggested that the pain and neurological deficits experienced by patients following surgery or degenerative disease progression can be caused by damage to these IFLs. Grimes et al (16) considered that lower lumbar foraminal ligaments may limit motion of the nerve root.
Zhao et al (18) described the IFLs at the L5-S1 levels in their systematic anatomy study and concluded that the IFLs have a protective effect on the nerve root in normal circumstances, but under abnormal condition, the IFLs may cause back pain.
Therefore, we speculate that the IFLs in the entrance zones of L1-L5 IVFs may play a similar role. Under normal circumstances, the IFLs in the entrance zones of the L1-L5 IVFs may restrict or stretch the spinal nerves to prevent extrusion by the lumbar vertebral pedicles or other bony structures, which would cause lumbocrural pain during ordinary physical activities that produce flexion, extension, lateral bending, or axial rotation of the spine. In a few cases, when the ligaments are abnormally distributed or hypoplastic or when the nerve roots are abnormally developed, it could significantly increase the risk of compression of blood vessel or nerve root within the IVF (5, 16) . In the test we observed that the gap between the nerve root and the IVF wall is filled with fat and other soft tissue, and we speculate that the IFLs may immobilize or resist the nerve root such that it cannot migrate to the opposite side to escape compression. This situation may produce compression symptoms when the nerve root is compressed by a herniated disc or a lesion in a bony structure.
Endoscopic spinal adhesiolysis through the sacral hiatus is a minimally invasive procedure that allows for direct visualization and accurate localization of the spinal canal or neural foramen lesion for mechanical release treatment (13) . If surgeons know the morphology and distribution of the nerve root, blood vessels, and ligaments in the region clearly, they could release nerve root or inject drugs in higher precision, which may reduce operation time, lower potential risks, and improve the efficiency of surgery (13, 18) .
Histologically, Akdemir (4) demonstrated that the intraforaminal ligaments, which radially surrounded the roots and attached to the root sheath, were mainly composed of the collagen located in the fat. Similarly, our histological examination also showed that the radiating ligaments mainly comprised collagen fibers with low content of elastic fibers.
Through cautious dissections of cadavers, we found that some IFLs were accompanied by small vascular structures. Excessive manipulations of these ligaments may cause epidural hemorrhaging due to injuries to these epidural vessels, which are closely linked to the ligaments. We also found that the distribution of venous plexus in the intravertebral region is complicated. Additionally, future studies of the arterial and venous
